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Abstract

:

Complex salts [1H]X and [1H](XA)0.5·2MeOH, and co-crystals [1H]X·0.5VA (X = chloride or bromide, XA = chloranilate or bromanilate, VA = o-vanillin azine), comprising [MoO2(HL)(MeOH)]+ ([1H]+) cation (H2L = 3-methoxysalicylaldehyde isonicotinoyl hydrazone), were prepared either by solution-based synthesis or by mechanochemical synthesis. Whereas [1H]X salts were extremely sensitive to humidity, their stability could be reinforced by the azine incorporation into the complex network. Solvent-mediated transformations of [1H]X led to methanol co-ligand replacement and afforded complexes [MoO2(HL)X] (2Cl·MeOH, 2Cl, and 2Br·0.5MeCN). However, solvates [1H](XA)0.5·2MeOH, under the same conditions, gave stable complexes [1H](XA)0.5 in which methanol remained coordinated. The differences in the assembly’s behavior were attributed to the packing arrangements, the relative orientation of cations and anions, and interactions between them. Polymorph [MoO2(L)(MeOH)] (1), not attainable by other routes, was the only product when compounds [MoO2(HL)X] were treated with a weak base at low temperatures. Tetranuclear [MoO2(L)]4 and polynuclear [MoO2(L)]n (2) supramolecular isomers, concomitantly crystallized when the reaction was conducted solvothermally. All of the complexes were characterized using X-ray diffraction methods (SCXRD and PXRD), spectroscopic methods (ATR-IR and solution-state and solid-state MAS NMR), and elemental and thermal analyses. The cytotoxicity of the different types of compounds against THP-1 and HepG2 cells was also evaluated.
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1. Introduction


Aroylhydrazones R1R2C=N−NH−(C=O)R3 represent an important class of compounds in the design and synthesis of supramolecular and coordination assemblies [1]. They are very versatile ligands possessing several potential donor sites for metal coordination [2,3,4,5,6,7]. Hydrazones can act as neutral or anionic ligands and link metal ions via different coordinative modes, thus forming metal complexes having attractive structures, from discrete to extended ones, featuring one-, two-, and three-dimensional motifs [1].



One of the significant features of hydrazones is the ability to adjust their properties via steric and electronic effects of aldehyde and hydrazide components [8]. In this context, the chemistry of metallosupramolecular Mo-hydrazones has also become the subject of much interest over the last decade [9,10,11]. A number of coordination compounds with interesting structures, and biological or catalytic properties, have been studied [12,13,14,15,16,17,18,19,20].



An introduction of additional organic and inorganic units enables a way to create multi-component networks, salts, solvates, or co-crystals, having even greater structural diversity [21,22], and provides a chance to modify the existing properties of such materials [23]. Their formation greatly relies on non-covalent interactions such as hydrogen bonds, halogen bonds, and π-stacking. However, little attention has been given to Mo-hydrazone multi-component species. A rare example of the structurally characterized complex is [MoO2(C14H9ClN2O4)(CH3OH)]·C10H8N2 co-crystallized with 4,4′-bipyridine [24]. Furthermore, salts of Mo(vi) complexes with tridentate hydrazone ligands are also rare. Only a few protonated complexes with inorganic counter anions have been reported [25,26,27].



Anilic acids can be used as interesting building blocks for supramolecular architectures [28,29,30,31,32,33]. They can undergo multistep deprotonation processes, thus offering possibilities of different aggregations between the building units as found in [Fe(Hpbph)2](ClA)·2CH3OH, [Fe(Hpbph)2](HClA)2·2THF, and [Fe(Hpbph)2](ClA)(H2ClA)2·2CH3CN (Hpbph = 2-(diphenylphosphino)benzaldehyde-2-pyridylhydrazone, H2ClA = chloranilic acid) [34]. Interestingly, Pd(II)-hydrazone complex [PdBr(Hmtbhp)]2(HBrA)2(H2BrA)·2CH3CN (Hmtbhp = 2-(2-(2-(methylthio)benzylidene)hydrazinyl)pyridine, H2BrA bromanilic acid), exhibits vapochromic behavior depending on the proton-donating ability of the solvent vapor molecules [35]. Nevertheless, they may act as bridging (bis)bidentate or terminal bidentate ligands [36,37,38].



Similarly, azines R1R2C=N–N=CR3R4, i.e., N–N linked diimines, are well known to serve as polydentate ligands in metal complexes, or act as bridging ligands through nitrogen atoms [39,40]. But they can also participate in hydrogen bond-directed and π-stacking-directed packing [41]. In such a way they can be associated with coordination compounds to give new supramolecular architectures. A rare example of such Mo(vi) azine multi-component complex is [Mo2O4(µ2-O)(H2O)2(L)]2⋯L⋯[Mo2O4(µ2-O)(H2O)2(L)]2 (L = 6,6′-((1E,1′E)-hydrazine-1,2-diylidenebis(methaneylylidene))bis(3-(diethylamino))phenol) [42].



Considering the mentioned aspects, in this work we aimed to investigate (i) the effect of the reaction conditions on the formation of the complex salts [MoO2(HL)(MeOH)]X (H2L = 3-methoxysalicylaldehyde isonicotinoyl hydrazone ligand, Scheme 1, X− = Cl− and Br−), (ii) the properties of charged complexes in the presence of competing anions/ligands (derived from chloranilic acid or bromanilic acid, and o-vanillin azine), (iii) the propensity of complex salts to yield multicomponent assemblies driven by non-covalent interactions, (iv) counter anion effects on structural transformation of complex salts under mild conditions, and (v) influence of reaction conditions on the formation of the deprotonated Mo-hydrazone complexes. We also evaluated the cytotoxicity of the different types of compounds obtained.



The products were characterized by single-crystal and powder X-ray diffraction methods (SCXRD, PXRD), solution and solid-state NMR, ATR-IR, as well as thermal analysis (TG). The main intermolecular interactions were identified and analyzed to establish the factors responsible for salt/co-crystal formation. Their stability was correlated with the protonation state of the components and crystal packing features.




2. Materials and Methods


2.1. Synthesis


[MoO2(acac)2] [43], [MoO2Br2(dmf)2] [44], [MoO2Cl2] [45], 3-methoxysalicylaldehyde isonicotinoyl hydrazone (H2L) [46], and o-vanillin azine (VA) [47] were prepared according to the published procedures. Methanol was dried by the use of magnesium and iodine and then distilled. Dichloromethane and acetonitrile were dried by the use of phosphorus pentoxide and then distilled. Chloranilic acid (H2ClA) and bromanilic acid (H2BrA) were purchased from Alfa Aesar (Lancashire, UK). All other chemicals were purchased from Aldrich (Amsterdam, The Netherlands) and used without purification. Elemental analyses were acquired by the Analytical Services Laboratory of the Ruđer Bošković Institute, Zagreb. All analytical data are given in the Supplementary Materials.



2.1.1. Synthesis of [MoO2(HL)(MeOH)]Cl·MeOH ([1H]Cl·MeOH)


[MoO2Cl2] (0.12 g, 0.60 mmol) was added to a solution of H2L (0.17 g, 0.60 mmol) in 50 mL of dry methanol in a quartz flask. The reaction mixture was irradiated with UV light of 254 nm for two hours and then left at room temperature. After five days, orange crystals were filtered and dried in a desiccator at −15 °C. Yield: 101 mg, 33.6%.




2.1.2. Synthesis of [MoO2(HL)(MeOH)]Br ([1H]Br)


[MoO2Br2(dmf)2] (0.26 g, 0.60 mmol) was added to the solution of H2L (0.17 g, 0.60 mmol) in 50 mL of dry methanol. The reaction mixture was left at room temperature overnight. The solution was evaporated to one-half of its volume. The obtained orange precipitate was filtered and dried in a desiccator at −15 °C. Yield: 180 mg, 58.8%.




2.1.3. Synthesis of [MoO2(HL)(MeOH)](ClA)0.5·2MeOH ([1H](ClA)0.5·2MeOH)


[MoO2Br2(dmf)2] (0.1302 g, 0.30 mmol) was added to a solution of chloranilic acid (0.0940 g; 0.45 mmol) in 20 mL of dry methanol, and the reaction mixture was left at room temperature for a few hours. H2L (0.0814 g, 0.30 mmol) was added to the resulting solution. After several days copper-red coloured crystals appeared. The crystalline product [1H](ClA)0.5·2MeOH was filtered and washed using a small amount of cold methanol. The crystals were quickly transferred on a dry filter paper into a desiccator and then placed in a freezer (at −15 °C). Yield: 45 mg, 28.1%.




2.1.4. Synthesis of [MoO2(HL)(MeOH)](BrA)0.5·2MeOH ([1H](BrA)0.5·2MeOH)


[MoO2Br2(dmf)2] (0.1302 g, 0.30 mmol) was added to a solution of bromanilic acid (0.1341 g, 0.45 mmol) in 20 mL of dry methanol, and the reaction mixture was left at room temperature for a few hours. H2L (0.0814 g, 0.30 mmol) was added to the resulting solution. After several days reddish-brown coloured crystals of [1H](BrA)0.5·2MeOH appeared. The product was filtered, washed using a small amount of cold methanol, and dried in a desiccator up to a constant weight (at −15 °C). Yield: 25 mg, 13.0%.




2.1.5. Synthesis of [MoO2(HL)(MeOH)]Cl·0.5VA ([1H]Cl·0.5VA)


Method A. The solid-state reactions were carried out using a Retsch MM200 ball mill. A mixture of [MoO2(HL)(MeOH)]Cl (0.0465 g, 0.10 mmol), o-vanillin azine (0.030 g, 0.15 mmol), and 30 μL of methanol were placed in a 10 mL Teflon milling jar with one 10 mm grinding ball. The reagents were milled for 60 min at a 25 Hz frequency. The obtained powder was rinsed with dry dichloromethane and dried. Yield: 46 mg, 76.7%.



Method B. [MoO2Cl2] (0.0597 g; 0.30 mmol) was added to the solution of H2L (0.0814 g, 0.30 mmol) in 20 mL of dry methanol. Solution of o-vanillin azine (0.1352 g; 0.45 mmol) dissolved in dry CH2Cl2 (15 mL) was added to the resulting solution and it was then allowed to stand at room temperature for two days. The obtained red crystals of [1H]Cl·0.5VA were filtered, rinsed with dry dichloromethane, and dried in a desiccator up to a constant weight. Yield: 110 mg, 61.1%.




2.1.6. Synthesis of [MoO2(HL)(MeOH)]Br·0.5VA ([1H]Br·0.5VA)


Method A. The procedure was performed in the same manner as for [1H]Cl·0.5VA using [1H]Br (0.051 g, 0.10 mmol) and o-vanillin azine (0.030 g, 0.15 mmol). Yield: 59 mg, 91.6%.



Method B. The procedure was performed in the same manner as for [1H]Cl·0.5VA using [MoO2Br2(dmf)2] (0.1302 g; 0.30 mmol), H2L (0.0814 g, 0.30 mmol) and o-vanillin azine (0.1352 g; 0.45 mmol). Yield: 102 mg, 52.8%.




2.1.7. Synthesis of [MoO2(HL)Cl]·MeOH (2Cl·MeOH)


Method A. [MoO2Cl2] (0.12 g, 0.60 mmol) was added to the solution of H2L (0.16 g, 0.60 mmol) in 50 mL of dry methanol. The reaction mixture was left at room temperature. The corresponding product was filtered after one week and dried in a desiccator. Yield: 100 mg, 35.8%.



Method B. [MoO2(acac)2] (0.10 g, 0.31 mmol) was added to the solution of H2L (0.090 g, 0.31 mmol) in 20 mL methanol. The temperature was lowered to 15 °C, and 150 µL of HCl (w = 37%) was added to the resulting solution. The reaction mixture was stirred for half an hour and then left at room temperature. The obtained dark red crystals of 2Cl·MeOH were filtered after five days, washed with ice-cold methanol and dried in a desiccator. Yield: 75 mg, 55.8%.




2.1.8. Synthesis of [MoO2(HL)Cl] (2Cl)


[MoO2Cl2] (0.12 g, 0.60 mmol) was added to a solution of H2L (0.17 g, 0.60 mmol) in 50 mL of dry methanol in a quartz flask. The reaction mixture was irradiated with a UV light of 254 nm for two hours and then left at room temperature for five days. The supernatant solution was decanted in a dry box, and dry acetonitrile (25 mL) was added to crystals of [1H]Cl ·MeOH. The suspension was allowed to stand at room temperature without stirring or shaking. Reaction and crystallization gradually proceeded, and finally, dark red crystals of 2Cl were obtained. Yield: 82 mg, 31.5%




2.1.9. Synthesis of [MoO2(HL)Br]·0.5MeCN (2Br·0.5MeCN)


[MoO2Br2(dmf)2] (0.26 g, 0.60 mmol) was added to the solution of H2L (0.17 g, 0.60 mmol) in 50 mL of dry methanol. The reaction mixture was left at room temperature overnight. The supernatant solution was decanted in a dry box, and dry acetonitrile (25 mL) was added to orange crystals of [1H]Br, and the suspension was allowed to stand at room temperature without stirring or shaking. Crystallization gradually proceeded, and finally, brown crystals of 2Br·0.5MeCN were isolated. Yield: 75 mg, 25.1%




2.1.10. Synthesis of [MoO2(L)(MeOH)] (1)


The solution of Et3N (35 µL) in dry methanol (50 mL) was cooled down to 0 °C, and [MoO2(HL)Cl]·MeOH (0.045 g, 0.10 mmol) was added. The suspension was left in a freezer at 5 °C. Reaction gradually proceeded, and finally after one week, crystals were filtered and dried in a desiccator. Yield: 31 mg, 72.2%.




2.1.11. Synthesis of [MoO2(L)]n (2)


A mixture of [MoO2(acac)2] (0.080 g, 0.25 mmol) and hydrazone H2L (0.067 g, 0.25 mmol) in acetonitrile (10 mL) was placed in Teflon-lined autoclave and heated at 110 °C under autogenous pressure for 1.5 h. Crystals of [MoO2(L)]n (2) and [MoO2(L)]4 were obtained concomitantly and manually separated for elemental analysis, ATR-IR, and SCXRD experiments.





2.2. Single Crystal and Powder X-ray Diffraction


The single-crystal X-ray diffraction (SCXRD) data of [1H]Cl·MeOH, [1H]Br, [1H](ClA)0.5·2MeOH, [1H]Cl·0.5VA, [1H]Br·0.5VA, 2Cl·MeOH, 2Cl, 2Br·0.5MeCN, 1 and 2 were collected by ω-scans on an Oxford Diffraction Xcalibur 3CCD diffractometer (Oxford Diffraction Ltd., Abingdon, UK) with graphite-monochromated MoKα radiation or on an XtaLAB Synergy-S diffractometer with CuKα radiation (Rigaku Co., Tokyo, Japan). Data reduction was achieved using the CrysAlis software package [48]. Solution, refinement, and analysis of the structures were carried out using the programs integrated into the WinGX system [49]. The structures were solved by the direct methods using SHELXS and refined using the full-matrix least-squares method with the SHELXL program [50,51]. The non-hydrogen atoms were refined anisotropically. All hydrogen atoms were located unambiguously from difference Fourier maps. Because of poor geometry for some of them, they were placed in calculated positions and refined using the riding model. Exceptions were H atoms from the hydroxyl groups of the coordinated methanol molecules, which were restrained at d(O6−H61) = 0.89(5) Å. Geometrical calculations were carried out using PLATON [52]. Drawings of the structures were prepared using the PLATON and MERCURY programs [53].



Crystals of all compounds harvested directly from the reaction mixture were suitable for the SCXRD experiments. The asymmetric units and crystal structures of [1H]Cl·MeOH, [1H]Br, [1H](ClA)0.5·2MeOH, [1H]Cl·0.5VA, [1H]Br·0.5VA, 2Cl·MeOH, 2Cl, 2Br·0.5MeCN, 1 and 2 are shown in Figure S1 and Figure S2, respectively, Supplementary Materials. Details for the structure solution and refinement for all compounds are tabulated in Tables S1 and S2, Supplementary Materials. Selected bond lengths and angles are summarized in Tables S3–S7, Supplementary Materials.



The powder X-ray diffraction (PXRD) data were collected using a Malvern Panalytical Aeris powder diffractometer (Malvern Panalytical B.V., Almelo, The Netherlands) in the Bragg-Brentano geometry with a PIXcel1D detector, using CuKα radiation (λ = 1.5406 Å). Samples were contained on a Si sample holder. Powder patterns were collected at room temperature in the range of 5–40° (2θ). The data were collected and visualized utilizing the Malvern Panalytical HighScore Software Suite [54].




2.3. Thermal and Spectroscopic Measurements


Thermogravimetric (TG) analyses were carried out using a Mettler TG 50 thermobalance (Mettler Toledo, Columbus, OH, USA) using Al2O3 crucibles under an oxygen stream in a temperature range between 25 °C and 600 °C. The heating rate was adjusted to 5 °C min−1. The results of TG experiments were evaluated using the Mettler Toledo STARe evaluation software (version 16.10). Attenuated Total Reflectance Infrared (ATR-IR) spectra were acquired on a Perkin Elmer Spectrum One spectrometer (Waltham, MA, USA). The solid-state nuclear magnetic resonance (NMR) spectra were recorded on Bruker Avance Neo 300 spectrometer (Bruker Biospin GmbH; Rheinstetten, Germany) equipped with a 4 mm broad band magic angle spinning (MAS) probe. The samples for 13C CP-MAS spectra were spun at the magic angle of 10 kHz. The spectra were acquired with 1024 scans, contact time of 2 ms, and repetition delay of 7 s. The 1H NMR spectra were recorded in dmso-d6 on a Bruker Avance NEO 300 NMR spectrometer operating at 300 MHz for 1H and 75 MHz for 13C using a C/H dual 5 mm probe. The spectra were recorded with a sample concentration of 20 mg mL−1. TMS was used as the internal standard. 1H NMR spectra with spectral width of 6200 Hz and a digital resolution of 0.09 Hz per point were measured with 32 scans. APT spectra with spectral widths of 18,030 Hz were collected with 10,240 scans. Digital resolution was 0.55 Hz per point.




2.4. In Vitro Cytotoxic Activity


The cytotoxicity of selected compounds, namely [1H]Cl, [1H](ClA)0.5, [1H]Cl·0.5VA, 2Cl and 1, was assessed on human acute monocytic leukemia (THP-1, ATCC TIB-202) and hepatocellular carcinoma (HepG2, ATCC HB-8065) cells. The cell growth and cytotoxicity assay were performed according to the previously reported protocols [46]. Briefly, each cell line was exposed to various concentrations of the tested compounds and the cell viability after exposure was determined using the MTS assay [55]. The half maximal inhibitory concentration (IC50) values were calculated from dose-response curves. All experiments were performed in duplicate.





3. Results and Discussion


The overview of all product types, complex salts, solvates, and co-crystals, as well as deprotonated coordination compounds, is given in Scheme 2 and Scheme 3.



3.1. Complex Salts, Solvates and Co-Crystals—Synthesis of [1H]X, [1H](XA)0.5·2MeOH, and [1H]X·0.5VA (X = Cl or Br, XA = ClA or BrA)


Compound [MoO2(HL)(MeOH)]Cl·MeOH ([1H]Cl·MeOH) was successfully obtained when the reaction mixture of hydrazone and [MoO2Cl2] in dry methanol was exposed to UV light at ambient temperature. Without UV irradiation the reaction afforded complex [MoO2(HL)Cl]·MeOH (2Cl·MeOH). Solvate 2Cl·MeOH was also obtained utilizing [MoO2(acac)2] as a precursor in reaction with H2L in the presence of a small amount of hydrochloric acid (Scheme 2). However, [MoO2Br2(dmf)2] reacting with H2L in methanol yielded [MoO2(HL)(MeOH)]Br ([1H]Br), and bromide coordination was not observed, which was ascribed to different donor strength of the bromide.



The reaction of [MoO2Cl2] or [MoO2Br2(dmf)2] and H2L in a 1:1 molar ratio in the presence of chloranilic or bromanilic acid afforded [MoO2(HL)(MeOH)](XA)0.5·2MeOH ([1H](ClA)0.5·2MeOH or [1H](BrA)0.5·2MeOH) assemblies. Comparison of their ATR-IR spectra with those of H2XA and [MoO2(HL)(MeOH)]+ components (Figure S3, Supplementary Materials) revealed that they couldn’t be considered as neutral co-crystals but as complex salts. The spectra of [1H](XA)0.5·2MeOH displayed strong bands around 1495 cm−1, attributable to the C  − ⃛  OXA stretching vibrations, indicating the delocalization of π-electrons in anions (Scheme S1) [34], and the structure of anion with four short C–O bond distances (Table S3), which was confirmed by SCXRD. [1H](ClA)0.5·2MeOH and [1H](BrA)0.5·2MeOH exhibited similar PXRD patterns and ATR-IR spectra clearly due to similarity in their solid-state structures (Figure S4, Supplementary Materials). They represent the first examples of Mo(vi) complex salts with such anions.



Reactions with chloranilic and bromanilic acids were also performed with different molar ratios (from 1:1.5 to 1:5). Nevertheless, the obtained products were always [1H](XA)0.5·2MeOH. Also, reactions utilizing the mechanochemical synthesis with a small amount of methanol failed to produce extended supramolecular structures {[MoO2(HL)(MeOH)](XA)0.5…H2XA…}n or {[MoO2(HL)(MeOH)](HXA)…H2XA…}n.



In order to further examine the formation of multi-component materials, we selected o-vanillin azine. The reaction of [1H]Cl·MeOH or [1H]Br with VA, applying the mechanochemical procedure, afforded the 1:0.5 assemblies [MoO2(HL)(MeOH)]X·0.5VA ([1H]Cl·0.5VA or [1H]Br·0.5VA, respectively). The crystals suitable for the SCXRD experiment were obtained by the reaction of [MoO2Cl2] or [MoO2Br2(dmf)2] with H2L and VA utilizing the solution-based method. Their bulk samples were compared using the PXRD method, Figure 1. Also, the stretching vibrations belonging to o-vanillin azine in the ATR-IR spectra of [1H]Cl·0.5VA and [1H]Br·0.5VA (assigned to −CH=NVA and C−OVA at 1623 cm−1 and 1243 cm−1, respectively), varied in intensity when compared to the spectrum of free azine. These findings were consistent with the formation of co-crystals (Figure S5, Supplementary Materials).




3.2. Counter Anion Effects and Transformation of Complex Assemblies—Synthesis of 2Cl and 2Br·0.5MeCN


Although salts [1H]Cl·MeOH and [1H]Br are thermally very stable (see Section 3.6), they are extremely unstable in the air. Once exposed to humidity, the orange crystals became brittle and finally developed a dark red color. Compared to halide salts, co-crystals with o-vanillin azine [1H]Cl·0.5VA and [1H]Br·0.5VA were stable at ambient conditions indefinitely. Their different behaviour could be ascribed to differences in crystal packing (see Section 3.4.1).



When crystals of [1H]Cl·MeOH or [1H]Br were immersed in dry acetonitrile and the suspension left at room temperature, a structural transformation occurred and resulted in the formation of [MoO2(HL)Cl] (2Cl) and [MoO2(HL)Br] 0.5MeCN (2Br·0.5MeCN), respectively (Scheme 2). The coordination of halide to cis-{MoO2}2+ unit resulted in a colour change from orange to dark red in the case of chloride and from deep orange to reddish-brown in the case of bromide (Figure 2a). The complete crystallization process was confirmed by PXRD analysis after two weeks (Figure 2b).



On the other hand, crystals of [1H](ClA)0.5·2MeOH or [1H](BrA)0.5·2MeOH in acetonitrile transformed into the [1H](ClA)0.5 and [1H](BrA)0.5, respectively, and no further loss or replacement of the coordinated methanol molecules was observed. PXRD patterns of the lattice solvent-free residuals revealed their lower crystallinity.




3.3. Deprotonated Mo-Hydrazone Assemblies—Synthesis of 1 and 2


In order to further explore these complexes, triethylamine was added to the methanolic solution of [MoO2(HL)Cl]·MeOH (2Cl·MeOH) while maintaining a temperature around 0 °C. Ligand deprotonation was accompanied by chloride substitution resulting in the new polymorphic form of [MoO2(L)(MeOH)] (1), Figure 3. The same product was obtained from [MoO2(HL)Br]·0.5MeCN (2Br·0.5MeCN). These transformations were clearly seen in the ATR-IR spectra. A broad band in the range 2400–2700 cm−1, assigned to the Npy−H stretching vibrations, present in the spectra of compounds comprising singly-deprotonated hydrazone ligand was missing in the spectrum of 1.



On the other hand, the reaction of H2L with [MoO2(acac)2] as a precursor in methanol yielded previously published polymorph of [MoO2(L)(MeOH)] [56,57,58]. Moreover, the reaction of H2L with [MoO2(acac)2] conducted under solvothermal conditions in acetonitrile at a temperature of 110 °C afforded a mixture of the tetrameric [MoO2(L)]4 [9] and polymeric [MoO2(L)]n (2) supramolecular isomers. The products deposited concomitantly from the heated reaction mixture and not upon subsequent cooling. All attempts to obtain pure coordination polymer failed.




3.4. Crystalographic Studies


3.4.1. Structures of the Complex Salts, Solvates and Co-Crystals [1H]X, [1H](XA)0.5·2MeOH, and [1H]X·0.5VA (X = Cl or Br, XA = ClA or BrA)


Complex cation [MoO2(HL)(MeOH)]+ ([1H]+) is present in all salts ([1H]Cl·MeOH, [1H]Br, [1H](ClA)0.5·2MeOH) and also in isostructural multicomponent assemblies ([1H]Cl·0.5VA and [1H]Br·0.5VA). The ligand is in the HL− form and is coordinated to the cis-{MoO2}2+ core in the tridentate mode via the ONO donor atoms. The sixth coordination site is occupied by the O atom from the coordinated methanol molecule. The distance Mo−OMeOH represents the largest bond length within the distorted octahedron (Tables S3 and S4).



In the crystal structures of [1H]Cl·MeOH and [1H]Br salts, the halide anions and the complex cations [1H]+ are connected through a bifurcated hydrogen bonds involving the pyridine nitrogen atom (N3–H3⋯Cl1[−1/2+x,1/2+y,z] = 3.071(2) Å in [1H]Cl·MeOH, N3−H3⋯Br1[x,−1+y,z] = 3.1604(18) Å in [1H]Br) and the oxygen atom from the coordinated methanol molecule (O6–H61⋯Cl1[1/2−x,1/2+y,1/2−z] = 3.0034(19) Å in [1H]Cl·MeOH, and O6−H61⋯Br1[x,−1+y,z] = 3.2040(14) Å in [1H]Br) forming dimers related via 2-fold axis in [1H]Cl·MeOH (Figure 4a) and infinite 1D chains in [1H]Br (Figure 4b). In [1H]Cl·MeOH the dimers are further connected through the N3−H3⋯O1[−1/2+x,−1/2+y,z] = 3.037(3) Å hydrogen bond thus forming an infinite 2D network (Figure 4a, Table S7). Within each chain in [1H]Br there are π-stacking interactions, whereas neighbouring chains are connected by C−H⋯Br, C−H⋯O hydrogen bonds and π-stacking interactions between the pyridyl and the phenyl ring (Table S7). Solvate methanol molecule in [1H]Cl·MeOH is equally disordered over two positions and the oxygen atom O7 of the disordered methanol molecule forms a weak hydrogen bond with O4 of the five membered chelate ring (O7⋯O4) and with the chloride anion (O7⋯Cl1[1/2−x,1/2+y,1/2−z]) from the dimer of the surrounding layer with the length of 3.213(5) Å and 3.365(4) Å, respectively.



In [1H](ClA)0.5·2MeOH salt, the anion is located on an inversion centre, so that the asymmetric unit contains one complex cation, one half of the chloranilate anion and two methanol molecules of crystallization (Figure S1). Each ClA2− anion is hydrogen bonded to four [1H]+ cations involving the pyridine nitrogen atom (N3–H3⋯O7[−1+x,y,z] = 2.730(3) Å and N3–H3⋯O8[−x,2−y,1−z] = 2.893(3) Å) and the oxygen atom from the coordinated methanol molecule (O6−H6⋯O7 = 2.640(3) Å) thus forming a 2D layers (Figure 4c). One methanol molecule of crystallization is linked to the chloranilate anion by two hydrogen bonds (O9−H9A⋯O8 = 2.834(3) Å and O9−H9A⋯Cl1 = 3.559(4) Å) and with the second methanol molecule of crystallization by the hydrogen bond O10−H1A···O9 = 2.893(4) Å. The layers are further connected through C−H⋯Cl, C−H⋯O hydrogen bonds and π-stacking interactions between the pyridyl and the phenyl ring (Table S7).



The asymmetric unit of both isostructural compounds [1H]Cl·0.5VA and [1H]Br·0.5VA contains the complex cation, halide anion, and one half of the o-vanillin azine molecule (Figure S1). The VA molecule possesses an inversion centre, and it is almost planar with the central C=N–N=C unit in the (E,E) conformation, which is in accordance with the previously reported VA crystal structures [38,59]. A pair of six-membered rings formed through intramolecular O7–H71⋯N4 hydrogen bonds are present in the terminal vanillin-imine moieties (Figure 5).



In [1H]X·0.5VA the halide anion links two complex cations through a bifurcated hydrogen bond involving the pyridine nitrogen atom (N3−H3⋯Cl1[1−x,1/2+y,1/2−z] = 2.995(2) Å in [1H]Cl·0.5VA, N3−H3⋯Br1 = 3.1496(17) Å in [1H]Br·0.5VA) and the oxygen atom from the coordinated methanol molecule (O6−H61⋯Cl1 = 3.013(2) Å in [1H]Cl·0.5VA, and O6−H61⋯Br1[1−x,1/2+y,1/2−z] = 3.1805(14) Å in [1H]Br·0.5VA) forming an infinite 1D chain. In both crystal structures the o-vanillin azine molecules are positioned between the chains of complex cations and halide anions and stabilized by π-stacking interactions with very short centroid-centroid distances between pyridyl and phenyl rings (Figure 5, Table S8). C−H⋯O interactions between the vanillin azine molecules and complex cations are also observed (Table S8).




3.4.2. Structures of the Neutral Complexes 2Cl, 2Cl·MeOH and 2Br·0.5MeCN


In all three complexes 2Cl, 2Cl·MeOH and 2Br·0.5MeCN, 2D network is formed through the different pattern of hydrogen bonds. In 2Cl, complex molecules are hydrogen bonded through the N3−H3⋯Cl1 [1/2+x,1/2−y,−1/2+z] = 3.062(3) and N3−H3⋯O2[1+x,y,z = 2.955(4) Å bonds in which the protonated nitrogen atom of the isonicotinyl moiety acts as a hydrogen bond donor while the coordinated chloride anion and the terminal oxygen atom act as acceptors (Figure 6a) and form an infinite 2D network.



In 2Cl·MeOH, the methanol molecule of crystallization connects two complex molecules through the hydrogen bonds involving the nitrogen atom of the pyridyl ring and the coordinated chloride anion (N3−H3⋯O6[x,−1+y,z] = 2.730(3), O6−H6A⋯Cl1[1+x,y,z] = 3.227(2) Å) forming an infinite 1D chains (Figure 6b). Neighbouring chains are connected by C−H⋯Cl, C−H⋯O interactions and π-stacking interactions between the pyridyl and the phenyl ring (Table S9 and Figure S2) forming the 2D network. In 2Br·0.5MeCN, complex molecules are connected through the protonated nitrogen atom of the isonicotinyl moiety as a hydrogen bond donor and terminal oxygen and coordinated bromide ion as acceptors (N3−H3⋯O1[x,1+y,z] = 3.038(4) Å, N3−H3⋯Br1[x,1+y,z] = 3.574(3) Å) forming 1D chains (Figure 6c). Furthermore, neighbouring 1D chains are connected by the bifurcated hydrogen bond involving the nitrogen atom from the acetonitrile solvent molecule and the protonated pyridine nitrogen atom (N3−H3⋯N4[x,1+y,z] = 3.057(3) Å) making an infinite 2D network (Figure 6c). Additionally, in 2Cl and 2Br·0.5MeCN, 2D networks are stabilized by π-stacking interactions between the phenyl and pyridyl ring or between the two phenyl rings, respectively (Table S9), and by C−H⋯O and C−H⋯X (X = Cl, Br) interactions (Table S9).




3.4.3. Structures of the Deprotonated Mo-Hydrazone Assemblies 1 and 2


The distorted octahedral coordination of each molybdenum in 1 and 2 is completed by the solvent oxygen atom or isonicotinoyl nitrogen, respectively. These bonds are weaker which is reflected in the lengthening of the Mo−O6 and Mo−N3′ distances (Table S6). In complex 1, the characteristic feature is formation of the hydrogen bonded 1D chains in which molecules are connected via O6−H61⋯N3[x,−1+y,z] = 2.702(4) Å hydrogen bond (between the hydroxyl group of the coordinated methanol molecule and the nitrogen atom of a pyridine ring), Figure 7a. For comparison, in the crystal structure of the previously reported polymorph the molecules form discrete centrosymmetric dimers (CSD refcode KANYIJ, KANYIJ01, KANYIJ02) [56,57,58]. The coordination polymer 2 consists of infinite 1D zig–zag chains (Figure 7b). This architecture is tightly enough packed to exclude solvent molecules. There are no classical hydrogen bonds in the polymer crystal structure, however, the polymeric chains are stabilized by weak intermolecular C−H⋯O hydrogen bonds (Table S10). In 1 and 2, there are also π-stacking interactions between the pyridyl and the phenyl ring (Figure 7 and Table S6).





3.5. Spectroscopic Studies


All complexes were characterized by NMR spectral data (Scheme S1, Tables S8–S13, Supplementary Materials). The proton and carbon chemical shifts were assigned utilizing one- and two-dimensional NMR techniques. Results are in accordance with previous findings for the similar Mo-hydrazone compounds derived from 3-methoxy salicyladehyde [18,19,20]. The solution and solid-state NMR spectra are shown in Figures S6–S12, Supplementary Materials.



The most deshielded peaks, detected between 165.71 ppm and 168.05 ppm, were attributed to the carbon atoms at position 6 (belonging to the hydrazone C–O group). The methyl protons and carbons were found at around ~3.8 ppm and ~56 ppm. Observed differences in NMR chemical shifts pointed towards isonicotinoyl nitrogen atom protonation. NH protons experienced different chemical shift values, indicating their involvement in hydrogen bonding interactions. In solution, aromatic carbons were found to resonate in the range 117–151 ppm (Tables S8–S10), while in the solid state were observed in the range 117–175 ppm (Tables S11–S13), as a consequence of different properties of samples in different environments. In 1, the broad signal belonging to the protonated isonicotinoyl NH was missing indicating formation of the deprotonated complex (Table S10). The comparison of NMR spectrum of 1 and spectra of metallosupramolecular assemblies suggested that they were all mononuclear complexes with dmso-d6 coordinated to MoO22+ core. Their spectra did not change with time. On the contrary, the additional peaks in the spectra of the complex salts were noticed (Figure S12). These results indicate a different stability of the complexes due to complex salts interaction with moisture during sample preparation for the NMR experiment.



Changes in the chemical shifts in the solution and solid-state spectra were detected for carbons at positions 2–5 in the pyridine ring. Detected differences were influenced by the crystal packing. Tentative assignments were carried out based on the NMR data obtained in the solution (Tables S11–S13, Supplementary Materials). In the solid state, the main differences between [1H]Cl and [1H]Br complexes and co-crystals with o-vanillin azine, [1H]Cl·0.5VA and [1H]Br·0.5VA, respectively, were observed for methyl carbons and carbon atoms at positions 3, 4, and 9 as a consequence of electron redistribution upon the interaction of complex salts with o-vanillin azine and influence of halide anions (Figure S10). The solid state 13C CP-MAS spectra of [1H]Cl·0.5VA and [1H]Br·0.5VA were also compared. The chemical shift values showed similarities between them thus corroborating their isostructural nature.



The isonicotinoyl nitrogen protonation in the complex salts displayed a correspondingly small effect on the hydrazone C–O and imine C=N carbon atoms shifts (at positions 6 and 7, respectively). Additionally, coordination of halide in 2Cl·MeOH and 2Br·0.5MeCN also affected the chemical shifts upfield and downfield relative to neutral complex 1 (Figure S11). These differences in chemical shift values were ascribed to different donor strengths of the halide and methanol co-ligands, and consequently, different electron redistribution within the complex. Therefore, the 13C CP-MAS NMR data could be useful to verify the co-ligand in the coordination sphere of the metal centre.




3.6. Therogravimetric Studies


TG curves are given in Figures S13–S15, Supplementary Materials. TG study of [1H]Cl·MeOH and [1H]Br revealed that the loss of the lattice and coordinated methanol molecules was accompanied by the release of HCl and HBr in the range 109−144 °C and 170–190 °C, respectively. However, in the case of [1H]Cl·0.5VA and [1H]Br·0.5VA, the first change in the sample mass was attributed to the coordinated MeOH molecule release (in the range 78–118 °C, and 100–138 °C, respectively). The loss of HCl/HBr, and decomposition of VA, were accompanied by the thermal decomposition of the hydrazone ligand.



On the other hand, crystals of [1H](XA)0.5·2MeOH were transformed into the salts [1H](XA)0.5 already at room temperature, through the loss of the lattice solvent molecules. When [1H](ClA)0.5·2MeOH and [1H](BrA)0.5·2MeOH were heated in the oxygen atmosphere, the mass loss due to the release of the lattice and coordinated methanol molecules occurred in the range 25–207 °C and 25–171 °C, respectively.



Complexes 2Cl·MeOH, 2Br·0.5MeCN, and 1 exhibited a first weight loss (in the range 117–142 °C, 172–195 °C, and 139–160 °C, respectively) corresponding to the release of the lattice and coordinated solvent molecule, respectively. The decomposition of the residual occurred in the range 206–503 °C for 2Cl, and 267–531 °C for 1.




3.7. Cytotoxicity


The results of the cell viability assay are presented in Table 1. Based on the high IC50 values, all tested compounds can be considered noncytotoxic against HepG2 cell line. Substantial cytotoxic activity of the compounds was established on THP-1 cells. Moreover, compounds [1H]Cl, 2Cl and 1 exhibited similar activity against both HepG2 and THP-1 cells as the related dioxomolybdenum(vi) compounds with 4-methoxysalicylaldehyde isonicotinoyl hydrazone [27]. The substitution of chloride by chloranilate as well as the introduction of o-vanillin azine in [1H]Cl resulted in somewhat lowered cytotoxicity.





4. Conclusions


We have synthesized and characterized a series of Mo(vi) hydrazone complex salts, solvates, co-crystals, and neutral complexes. Different supramolecular architectures are produced depending on the nature of the counter anions and solvent molecules. Anions (chloride/bromide) in the complex salts [1H]Cl·MeOH and [1H]Br connects complex cations [MoO2(HL)(MeOH)]+ ([1H]+) through the pyridine nitrogen atom and oxygen atom from the coordinated methanol molecule by using different patterns of H-bond motifs. They both participate in the formation of isostructural co-crystals [1H]Cl·0.5VA and [1H]Br·0.5VA, in which non-bonding interactions facilitate the incorporation of the o-vanillin azine into the complex salt network.



When the chloranilic or bromanilic acid is used, halide substitution occurs, resulting in the formation of the Mo-complex salts of the general formula [1H](XA)0.5·2MeOH. The addition of the acid in excess failed to produce a multicomponent network of general composition {[MoO2(HL)(MeOH)](XA)0.5…H2XA…}n that can compete with the stability of the complex salts [1H](XA)0.5·2MeOH. It seems that the packing arrangements within the crystal structures, the relative orientation of cations [1H]+ and XA2− anions and interactions between them contribute to their stability.



Despite high thermal stability, the compounds [1H]Cl·MeOH and [1H]Br are very sensitive to moisture upon standing in the air. Furthermore, when [1H]Cl·MeOH and [1H]Br are immersed in a weak donor solvent, such as dry acetonitrile, the methanol is replaced with halide and complexes [MoO2(HL)X] (2Cl and 2Br·0.5MeCN) are formed. Solvate 2Cl·MeOH is also obtained from methanol depending on the reaction conditions. These changes in the coordination sphere of Mo results in a significant colour change. Similar behaviour with [1H](XA)0.5 is not observed. That can be rationalised by understanding the differences between the anions’ coordinating characteristics.



According to the results the coordinating ability of the anions toward Mo(vi) varies in the order Cl > Br > XA. In the presence of a weak base, the anions are not included in the structure. The neutral networks of [MoO2(L)(MeOH)] (1), and metallosupramolecular tetrameric [MoO2(L)]4 and polymeric [MoO2(L)]n (2) isomers are formed depending on the reaction conditions. Solvent choice and reaction temperature play an important structure-directing role.
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Scheme 1. A schematic presentation of 3-methoxysalicylaldehyde isonicotinoyl hydrazonato ligand, singly-deprotonated (HL−), and doubly-deprotonated (L2−) ligand forms. 
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Scheme 2. The reaction scheme for the synthesis of complex salts, solvates, and co-crystals (H2L = hydrazone ligand, X− = Cl− or Br−, XA2− = chloranilate or bromanilate, VA = o-vanillin azine). The reactions depicted by blue arrows were performed in dry solvents, while those depicted by green arrows were carried out mechanochemically. Structural transformations are shown by orange arrows. 
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Scheme 3. The reaction scheme for the synthesis of neutral mononuclear, tetranuclear, and polynuclear complexes. 
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Figure 1. PXRD patterns of [1H]Cl·0.5VA (the three powder patterns on the top) and [1H]Br·0.5VA (the three powder patterns on the bottom) obtained by the mechanochemical method (the dark green lines) and solution-based method (the olive lines). The blue lines indicate patterns calculated from the X-ray single-crystal structures of the corresponding co-crystals. 
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Figure 2. (a) Photographs of [1H]Br in MeOH (left) and 2Br·0.5MeCN in acetonitrile (right). (b) PXRD patterns of [1H]Br (top) and 2Br·0.5MeCN (bottom). The olive lines indicate patterns obtained by powder diffraction, while the blue lines indicate patterns calculated from the X-ray single-crystal structures of the corresponding compounds. 
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Figure 3. PXRD patterns of [MoO2(L)(MeOH)] polymorphs: (top) obtained by reaction of H2L with [MoO2(acac)2], (bottom) obtained by sample obtained upon deprotonation of [1H]Cl·MeOH. The orange lines indicate patterns obtained by powder diffraction, while the blue lines indicate patterns calculated from the X-ray single-crystal structures of the corresponding polymorphs. 
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Figure 4. (a) Two dimers in [1H]Cl·MeOH formed through N3–H3⋯Cl1 and O6–H61⋯Cl1 hydrogen bonds and connected by N3−H3⋯O1 hydrogen bond, (b) Infinite 1D chain in [1H]Br formed through O6−H61⋯Br1 and N3−H3⋯Br1 hydrogen bonds, (c) 2D network in [1H](ClA)0.5·2MeOH formed by N3–H3⋯O7, N3–H3⋯O8, O6−H6⋯O7 hydrogen bonds. Hydrogen bonds are shown by blue dotted lines. Green dashed lines indicate π-stacking interactions (Cg3 is centre of gravity of the pyridyl ring, blue spheres and Cg4 is centre of gravity of the phenyl ring, red spheres). 
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Figure 5. The crystal packing of the [1H]Br·0.5VA. Intramolecular O7–H71⋯N4 and intermolecular hydrogen bonds O6−H61⋯Br1 and N3−H3⋯Br1 are shown by blue dotted lines. Green dashed lines indicate π-stacking interactions (Cg3 is centre of gravity of the pyridyl ring, blue spheres and Cg4 and Cg5 are centres of gravity of the phenyl ring, red spheres). 
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Figure 6. (a) 2D network in 2Cl formed by N3−H3⋯Cl1 and N3−H3⋯O2 hydrogen bonds. (b) Infinite 1D chain formed by N3−H3⋯O6 and O6−H6A⋯Cl1 hydrogen bonds in 2Cl·MeOH. (c) 2D network in 2Br·0.5MeCN formed by N3−H3⋯O1, N3−H3⋯Br1 and N3−H3⋯N4 hydrogen bonds. Hydrogen bonds are shown by blue dotted lines. 
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Figure 7. (a) Infinite 1D chains in 1 formed through O6−H61⋯N3 hydrogen bonds. (b) Infinite zig–zag chain in the crystal structure of 2. Hydrogen bonds are shown by blue dotted lines. Green dashed lines indicate π-stacking interactions (Cg3 is centre of gravity of the pyridyl ring, blue spheres and Cg4 is centre of gravity of the phenyl ring, red spheres). 
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Table 1. Cytotoxicity of the tested compounds.
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Compound

	
IC50/µmol L−1




	
HepG2

	
THP-1






	
[1H]Cl

	
98.33

	
2.77




	
[1H](ClA)0.5

	
>100

	
26.7




	
[1H]Cl·0.5VA

	
>100

	
29.2




	
2Cl

	
>100

	
3.21




	
1

	
>100

	
4.54




	
staurosporine

	
14.31

	
0.18
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